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ABSTRACT
ANALYSIS OF MOISTURE ABSORPTION AND 
DIFFUSION IN FIBER REINFORCED POLYMERIC 
RESIN-MATRIX COMPOSITE MATERIALS
Stephen Stern Tompkins 
Old Dominion University, 1978 
Director: Dr. Robert L. Ash
The diffusion of moisture through fiber reinforced 
polymeric-matrix composite materials has been studied 
analytically. The diffusion in the orthotropic, nonhomo- 
geneous material was modeled, in detail, with a two-dimen­
sional transient diffusion analysis. An effective 
diffusivity for the composite was determined in terms of 
the fiber volume fraction and the resin diffusivity. This 
effective diffusivity is in better agreement with recent 
data than those previously determined using less complex 
models.
The influence of both material and environmental 
parameters on the moisture content of the composite was 
determined analytically. Predicted moisture contents were 
compared over a wide range of values for emittance, solar 
absorptance, convective heat-transfer coefficient, ambient 
temperature, solar radiation, panel orientation with 
respect to the Sun and geographical location. The 
calculations showed that absorptance and the heat-transfer 
coefficient have significant effects on the moisture
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content. Also, the equilibrium moisture content is 
relatively insensitive to the geographical location for 
areas with similar humid environments.
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CHAPTER I 
INTRODUCTION
Advanced fiber-reinforced polymeric matrix composite
materials have emerged as strong candidate materials for
airframe application. This class of materials consists of
plastic resins, such as phenolic, epoxy, polyimide, etc.,
reinforced with continuous, chopped or woven fibers of
glass, graphite, boron, etc. These materials are being
used for secondary structures and are being considered for
primary structures. However, structural integrity and life
cycle durability of these components must be demonstrated
for confident airframe design and wide spread use.
*
Studies (for example References [1-6] ) have shown 
that these materials pick up moisture from the atmosphere 
and that this moisture absorption results in significant 
degradation of the matrix sensitive mechanical properties 
at moderately high temperatures. This degradation in 
properties is attributed to the plasticizing effect of 
moisture on the resin system which reduces the resin moduli 
over a wide temperature range and lowers the glass 
transition temperature [7, 8]. The original properties of
* Numbers in brackets indicate references
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the material may be recovered upon removal of the 
moisture, but this is of little practical value because of 
the difficulty of drying large structures. The strength 
properties, however, are expected to deteriorate only to 
specific values depending on the equilibrium moisture 
content of the material.
The ability to predict the amount of moisture in a 
structure for a given service environment is, therefore, 
important in determining allowable strength properties for 
design. The important parameters appear to be time, 
relative humidity, and temperature [9]. Although 
temperature is important in determining the kinetics of 
absorption/ desorption, the average relative humidity of 
the local service environment determines the equilibrium 
moisture content of the composite [10].
Simplified approximations to the exact solution for 
moisture content in a panel have been developed by Shen and 
Springer [10] and McKague, et al. [9]. Both of these 
approximations are for diffusion through a one-dimensional, 
homogeneous body and have been successfully used to predict 
the moisture content histories of test specimens of 
composite materials. The temperature and relative humidity 
of the ambient environment are used as the boundary 
conditions and were generally assumed to have constant 
values. For outdoor exposure, the ambient environment 
varies with the time of day, geographical location and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
season of the year. Convection and solar heating of the 
composite panel can alter the surface temperature and, 
therefore, affect the relative humidity of the air at the 
panel surface. The time dependence of the ambient 
environment and the effects of convection and solar heating 
on the moisture content were accounted for in the analysis 
by Unnam and Tenney [11]. This analysis consisted of the 
numerical solution of Fick's second law for a 
one-dimensional, homogeneous body with time dependent 
boundary conditions and a temperature dependent diffusion 
coefficient. Weather data were used to determine daily and 
seasonal changes in the ambient environment. Unnam and 
Tenney [11] showed significant difference between the 
moisture content of a shaded panel and that of a panel 
exposed to convection and solar radiation. This difference 
is due to the difference in the panel temperatures and the 
resulting relative humidities of the air next to the panel.
Fabrication processes and exposure to service environ­
ments may result in values for the surface properties that 
are different from the expected values. Obviously, these 
surface properties can have a significant effect on the 
panel temperature and, hence, the moisture content. 
Therefore, the sensitivity of the moisture content to the 
surface properties must be defined. However, a complete 
study of the effects of the surface properties on the 
moisture content has not been found.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The success of these analyses and the accuracy of the 
results depends upon the effective diffusivities used in 
either the approximate or numerical solutions. Springer 
and Tsai [12] and Augl and Berger [13] give relationships 
for the effective diffusivities of composites. Springer 
and Tsai [12] obtained their results with a simplified one 
dimensional model for steady state flow through the 
composite. Their model consisted of two parallel elements, 
one containing fiber and matrix, and one containing matrix 
only. Augl and Berger [13] obtained their results by 
numerically solving Poisson's equation in two dimensions. 
The interface between the fiber and the matrix was not 
considered directly but a variable diffusion coefficient 
problem was solved over the composite. Neither of these 
relationships for effective diffusivity is based on an 
analysis that considers, in detail, the diffusion around 
the fiber and the interface problem.
The objective of the present work is two fold. One 
objective is to define an effective diffusivity, as a 
function of fiber volume content, based on a detailed two 
dimensional, transient analysis of diffusion through a 
fiber reinforced composite. The salient feature of the 
analysis is the detail modelling of the diffusion through 
the matrix and around the fibers. The author is not aware 
of any analysis of the diffusion of heat or mass in a 
composite material with this detail.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The other objective of the present work is to examine 
the sensitivity of the moisture content of the composites 
to both material surface and environmental parameters. The 
material surface parameters considered include solar 
absorptance, emittance, and convective heat transfer 
coefficient. The environmental parameters considered are 
convection, solar radiation and ambient temperature.
Weather data are used to define ground exposure conditions 
and the difference between ambient air conditions and 
conditions of the air next to the panel is examined. Some 
of the work presented here is a continuation of the work by 
Unnam and Tenney [11]. Their analytical technique to predict 
the moisture content expected in resin matrix composites 
subjected to commercial aviation service was used, with 
modifications, for this study.
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6CHAPTER II 
THEORY
The parameters that have been correlated with moisture 
absorption and moisture content in composites are water 
vapor pressure, material temperature and time. In a state 
of equilibrium with moist air, the pressure of the water 
vapor in the material is equal to the partial pressure of
the water vapor in the air [14]. The partial vapor
pressure of the water is usually expressed relative to the
saturated vapor pressure of pure water, that is the
relative humidity [15]. The moisture content of the body 
acquires some constant value called the equilibrium 
moisture content. For graphite-epoxy composite systems, 
the equilibrium moisture content has been found to be 
related to the relative humidity of the air next to the 
material by Shen and Springer [10] and is expressed by the 
relation
J4 = a<f>b (2-1)eq
where M is the equilibrium moisture content, <|> is the 
relative humidity and a and b are constants 
experimentally determined for each material system. Values 
for the constant b of 1 and 2 have been reported by Shen 
and Springer [10] and McKague, et al, [9] . Equation (2-1)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
applies when a material is exposed to humid air over the 
range of relative humidity from zero to 100 percent.
Theoretically it does not make any difference whether 
the matrix is in contact with liquid water or with its 
vapor. In practice, however, differences have been 
observed which may be connected with the presence of a 
pressure gradient over the air layer between the liquid and 
the matrix [15]. Shen and Springer [10] report the 
equilibrium moisture content to be slightly higher in 
liquid water than in 100% humid air.
Moisture absorption by the resin-matrix composites can 
take place by capillary action along the fiber/matrix 
interface through cracks or voids in the resin, and 
diffusion through the matrix. In large well bonded 
composite panel, the primary mechanism is by surface 
absorption and diffusion through the matrix normal to the 
fiber direction. For well fabricated material, the 
moisture content and concentration profiles in the 
composite materials have been successfully modeled with 
Ficks1 first and second laws for diffusion (see, for 
example, McKague, et al [9], and Shen and Springer [10]. 
Although this approach has resulted in good estimates of 
the moisture content, and in some cases the moisture 
distribution [16] Fick's laws are very restrictive and some 
of the physical features of the problem might be excluded, 
a priori, by starting with them. Therefore, care must be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8taken when applying Fick's laws (see Appendix B).
The temperature of the material plays an important 
part in the diffusion process. Although the temperature 
has not been found to affect the equilibrium moisture 
content, it does affect the rate of diffusion through the 
diffusion coefficient. The diffusion coefficient is 
defined as [9]
D = Dq e“E//RT (2-2)
where Dq is the permeability index, E is the activation 
energy for diffusion, R is the gas constant and T is the 
temperature. Thus, small changes in the temperature can 
cause large changes in the diffusion coefficient over the 
range of temperatures studies here and subsequently greatly 
affect the rate of diffusion.
In this chapter, the governing equations for both 
diffusion and temperature within the composite are 
developed from the general conservation equations for mass 
and energy in solids. These equations are developed in 
great detail in many texts on heat and mass transfer (see, 
for example, Bird, et al [17], Lykov and Mikhailov [18], 
and Luikov [14]. The fundamental assumptions made in this 
analysis are: (1) the material is orthotropic and
homogeneous, (2) there is perfect contact between the 
fibers and the matrix, and (3) there are no voids or 
cracks.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9Conservation of Energy
A schematic of a unidirectional, fiber reinforced 
composite is shown in Figure 1. The rectangular coordinate 
system x^# x2, and x3, coincident with the principle axes 
of the composite laminate, was used. The equation for 
energy conservation in a solid is well known and can be 
written as
PCpf? = -('7'3) (2-3)
where q is the total energy flux. Equation (2-3) states 
that the rate of change of stored energy in a control
volume is equal to the net flux of total energy into
that volume.
Bird, et. al. [17] have separated the total energy 
flux into four components
5 = 3C + *a + S* + Sr (2-4)
where
q = flux of energy by conduction c
qd = flux of enthalpy by diffusion
q = flux of energy due to diffusion
qr = flux of energy due to radiation
Effects of pressure gradient and external forces on the
energy transfer are neglected. In the present study, the 
flux due to radiation, qr, was assumed to be zero, since
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the material is an opaque solid. The flux q is 
frequently called the diffusion-thermo effect or Dufour 
effect. This flux accounts for the transfer of energy due 
to mass transfer and is defined for a binary gas mixture, 
by Kays [19] as
9 5 (2-5)^x m1m2fi
where R is the universal gas constant, m^ and m2 are the 
mass concentrations of the species 1 and 2, T is the 
temperature and is the mean molecular weight of the 
mixture. The evaluation of the thermal diffusion-ratio, 
kT, is complex and is derived from kinetic theory of gases 
[20]. The Dufour effect is usually of minor importance and 
is generally neglected, as was done in this study.
The flux of enthalpy by diffusion is defined by Kays 
[19] as
= (hl " h2} 51 (2"6)
In the present study, the moisture diffusion is at such a 
slow rate that thermal equilibrium is maintained between 
the moisture and the solid. Also, the mass flux, if, is 
much slower than the heat flux, therefore, q^ is assumed 
small in comparison to qc and it is neglected here.
The total energy flux, therefore, reduces to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 = 5C = -k..VT
12
(2-6)
The conservation of energy, equation (2-3), becomes
poPi v  ■ 4 i j ra) (2-7>
where is thermal conductivity tensor. For an orthotropic 
body, equation (2-7) can be expanded as [21]
_  IT _ 1_ A 9T \ 1_ /. 9T \ _9_ /. 9T \
p p9t " 9x2\ 223x2J 3x3\K333x3J (2-3)
Conservation of Mass
The conservation of mass for the diffusing moisture, 
with no sinks or sources, can be expressed in terms of the 
mass flux as
9gi = - V-J, (2-9)
9t
where is the mass flux of moisture, and is the 
density of the moisture.
Bird et. al. [17] have separated the mass flux into
components similar to the energy flux. The mass flux is
expressed as the sum of four components
*► *> ->■
Jl = Ji(x) + Ji(p) + Ji(g) + Ji(T) (2-10)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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where
Jl(x) = diffusion due to concentration
-V
Jl(p) = diffusion due to pressure 
->■
Jl(g) = diffusion due to external or body forces
J]_(T) = diffusion due to temperature
Diffusion due to concentration which is also referred 
to as ordinatry diffusion is generally the dominant flux 
and is expressed as
Jx (x) = -DVp1 (2-11)
For the present study, the effects of pressure, Ji(p) and
external forces, J(g), on the mass transfer are assumed
zero.
The thermal diffusion, J(T), defines the mass flux as 
a result of temperature gradients and can be expressed as 
[14]
^  VT (2-12)
where k is the thermal diffusion coefficient. This termm
is known as the Soret effect for liquid-gas mixtures.
The conservation of mass for the moisture can be 
expressed by combining equations (2-9), (2-11) and (2-12) 
as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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§£' = V» (dVp, + vt) (2-13)
For an orthotropic material with the coordinate systems 
aligned with the principle axis, equation (2-13) can be 
written as
9 Pi _ JL_ Zn iPi\ + l_/n fL£» \ + 1_ Zn 9p* \
3t " 3xxi U S x J  3x2 ^ 223x2 J dx3\u333x3)
+ <L (pllP.kT 9T \ 3_ /D22flkT 3T \ ^  Zp^ pfrp 3T \
3x^\ T x^2\ T x^2/ ^x3' T x^3/
(2-14)
Simplification of Governing Equations
The diffusion of moisture and the subsequent moisture 
content of a resin-matrix composite material can be 
determined, in general, by the energy equation (2-7) and 
the diffusion equation (2-13). In general, the thermal 
diffusivity kij/pCp and the mass diffusivity depend on 
the temperature and on the moisture concentration.
The diffusion coefficient of water vapor in many 
polymers differs from that of other gases in that it is 
concentration dependent. This is caused by swelling of the 
resin matrix by the diffusing moisture which lead to a 
loosening of the resin chemical structures and, thus, 
facilitating the movement of the diffusing molecules. A 
method to establish whether the diffusion coefficient is 
concentration-dependent is to determine both absorption and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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desorption-time curves. These curves would coincide for a 
constant diffusion coefficient but differ for a 
concentration-dependent one. Generally, the shape of the 
desorption curve is more strongly affected by a 
concentration dependent diffusivity. Also, absorption is 
usually more rapid than desorption, although the reverse is 
true for water vapor [15]. The mass diffusivity for water 
vapor diffusing through a composite has been found to be a 
weak function of concentration [22] and, therefore, will be 
assumed to be a function of temperature only.
The thermal and mass diffusivities are a measure of 
the speed by which the temperature and moisture 
concentration change inside the material. For most 
composite materials in which the moisture content history 
is of interest, the ratio of the thermal diffusivity to the
g
mass diffusivity is of the order of 10 • Thus the
g
temperature approaches equilibrium about 10 times faster 
than the moisture concentration [10]. Therefore, equation 
(2-7) is well approximated by
Equilibrium implies a constant temperature or heat 
flux through the panel. Assuming no temperature gradient, 
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Therefore, for this study, equation (2-16) describes the 
moisture diffusion and moisture content of the composite 
material at some specified temperature.
Boundary Conditions
The boundary conditions applied to equation (2-16) 
will depend upon the physical problem under consideration. 
Generally, at least one surface of the panel will be 
exposed to a moisture laden environment. The relative 
humidity of this environment will specify the equilibrium 
moisture content of the outer layer of the panel by 
equation (2-1). Thus, a boundary condition of the first 
kind (i.e., Dirichlet boundary condition) will be used.
The concentration of moisture at the outer edge of the 
panel, then, becomes
Co = Meq = 3 ^  (2“17)
The boundary condition at the other surface must 
remain unspecified until the application is known. For 
the applications considered in this paper, the panel is 
assumed to be exposed on both sides to the same environment 
or one side to be "insulated" from the humid environment.
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CHAPTER III
EFFECTIVE DIFFUSION COEFFICIENT
The structural properties of a panel of resin matrix 
composite has been correlated with changes in the 
moisture content due to moisture absorption. The 
solution of the diffusion equation (2-16) and the 
determination of the moisture content requires numerical 
methods or the use of approximations to the closed form 
exact solution. Rather complex numerical methods are 
needed to treat in detail the mass flow through the 
matrix and around the fibers. Therefore, a relatively 
simple relationship or technique is desirable to 
calculate the moisture content.
By assuming the composite to be a homogeneous, 
orthotropic body, effective diffusivities in orthogonal 
directions can be defined and used to calculate moisture 
content. Simplified approximations to exact solutions 
for moisture content using effective diffusivities have 
been developed by Shen and Springer [10] and McKague, et 
al [9]. The approximations are for the more practical 
case of one-dimensional diffusion perpendicular to the 
fiber direction. These analyses have been used to obtain
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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satisfactory agreement with test data. However, more 
detailed, but still one-dimensional numerical solutions 
may be required to obtain accurate solutions for 
transient boundary conditions [11].
The proper definition of the effective diffusivities 
used in either the approximate or numerical solutions 
govern the success of the analyses and the accuracy of 
the results. Both Springer and Tsai [12] and Augl and 
Berger [13] give relationships for the effective 
diffusivities of both unidirectional and cross-ply 
layups. The effective diffusivity depends upon the 
diffusivity of the fiber, the diffusivity of the matrix 
and the fiber volume fraction. The parameters that 
govern these relationships are fiber shape, fiber 
arrangement and fiber volume fraction.
The analysis by Augl and Berger [13] consisted of 
numerically solving Poisson’s equation. The interface 
problem between the fibers and the matrix was not solved 
directly, but a variable diffusion coefficient problem 
was solved over a rectangular unit cell. The fibers were 
assumed to be cylinders arranged in a tetragonal 
arrangement as shown in Figure 2. Their finite 
difference method used a two-dimensional grid system with 
uniform mesh spacing in the X2 and X3 directions. The 
mass flux was evaluated and the effective diffusion
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(b) Hexagonal fiber 
arrangement
Figure 2- Possible fiber arrangements in fiber reinforced composites,
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coefficient was established when the mass fluxes through 
the nonhomogeneous and homogeneous materials were equal.
The details of this approach have not been published.
The results of Augl and Berger [13] are shown in 
Figure 3 and compared with the work of Lord Rayleigh. The 
data by Lord Rayleigh were obtained using the electrical 
analogy with diffusion. The system studied was composed of 
tetragonally arranged cylinders in a matrix of different 
conductivity. When the conductivity of the cylinders (or 
for the analog in diffusion, the diffusion coefficient in 
the fiber) becomes zero, Rayleigh's general relationship 
reduces to [13]
J ? 2 2 _ k _  ._____ __________ 2vf
Dr  * km -1 1 + Vf - 0.3058 V .<  .   ___ (3 " 1)
This result is compared with those of Augl and Berger [13] 
in Figure 3 and agrees well up to about 0.70 fiber volume 
fraction where the Rayleigh relationship, equation (3-1), 
breaks down. That is, equation (3-1) does not become zero 
as it should for the highest packing density of the 
tetroganal cylinder arrangement (i.e., 0.785).
The results from the analysis by Springer and Tsai
[12] are also shown in Figure 3. These results were



















Springer and Tsai [12]
Augl and Berger [13]
Fiber Volume Fraction, Vf
Figure 3- A comparison of the effective diffusion coefficient, normal to the fiber direction, as a 
function of fiber volume fraction calculated by different models.
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obtained by examining the steady state heat flow through a 
unit cell containing a cylindrical fiber. The effective 
diffusivity was obtained by assuming the net flow through 
the unit cell resulted from flow through two parallel 
elements, one containing fiber and matrix and one 
containing matrix only. In the former element, the fiber 
and matrix are connected in series with respect to the flow 
resistance. Springer and Tsai [12] present relationships 
for both square and cylindrical fibers in tetragonal 
arrangements. Their results for cylindrical fibers, with 
the fiber diffusivity being small compared to the matrix 
diffusivity, are
These results are much lower than those by Augl and 
Berger [13] because they are based on a simple thermal 
model where the elements, connected in series, do not allow 
flow around the fibers (i.e., when the fiber diffusivity is 
zero).
The objective of the present study is to define an 
effective diffusivity for the composite by modeling, in 
detail, the transient diffusion of moisture through the 
matrix and around the fiber. This diffusivity, by 
definition, can be used in analyses of one dimensional 
diffusion to obtain the same moisture content predicted by 
more complex two-dimensional analyses. The effective
(3-2)
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diffusivity defined in this study will be compared with 
the results of Springer and Tsai [12] and Augl and Berger
[13].
Analysis
This analysis will be limited to the case of 
moisture diffusion perpendicular to the fibers in a large 
sheet. This is perhaps the case of most practical 
interest. The following assumptions will be made: (1) 
the matrix diffusivity is a function of temperature only,
(2) the temperature of the panel is constant and uniform,
(3) the fibers are impervious to moisture, (4) there is 
perfect contact between fiber and matrix and (5) there 
are no voids or cracks. A schematic of a three-ply 
finite-thickness infinite plate of composite material 
with the tetragonal arrangement of cylinderical fibers is 
shown in Figure 4. The plate is exposed on both sides to 
the same humid environment. The unit of symmetry and the 
basic repeating unit for this geometry are shown in 
Figure 5,
The similarity between equations governing heat and 
mass transfer was utilized (by using an existing computer 
code developed to solve transient heat transfer problems 
of complex geometry) to solve the mass transfer problem. 
This computer code, Martin Interactive Thermal Analysis
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4- Schematic of finite-thickness, infinite plate with 
constant concentration at each boundary.
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System (MITAS), is based on the electrical analogy to 
heat transfer or a lumped parameter model of the system.
The electrical analogy to heat transfer is described by 
Dusinberre [23, 24] and the MITAS code is described in 
Usage Manual for the code [25]. Basically, the lumped 
parameter model allows subdivision of the body to be 
analyzed, into elements or lumps in which the physical 
properties and the specie concentration or temperature, 
are constant. A heat or mass balance is written for each 
element in terms of the surrounding elements. Each 
element has a finite volume or capacitance and is 
connected to other elements by paths or resistors through 
which mass or heat is conducted. For mass transfer 
problems, the thermal capacitance of an element, PCpV, 
replaced by the element volume, V. In this analysis, 
the properties at a point in space are assigned to the 
entire volume of the finite element surrounding that 
point. The diffusion potential is approximated by the 
gradient between the points along a straight line joining 
the two points. Diffusion is assumed to occur along this 
line and through the area normal to this line. The 
resistance to diffusion, therefore, consists of the 
distance between points, the area through which diffusion 
occurs and the appropriate diffusion coefficient between 
the points. The thermal resistance between elements, 
kA/L, is replaced by the diffusion resistance, DA/L.
In both types of resistance, A is the area normal to the 
flux vector and L is the length between nodes located at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
element centroids. Dusinberre [23, 24] discusses 
methods to subdivide systems and determine resistances.
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The mass balance for the elements result in a set of 
difference equations of the form
C . ^ l =  S Gij(Pi -pj> <3-’>
where C = V , the capacitance cf element i, and G = 
i i ji
DA/L, the resistance between the i and j nodes. 
Equation (3-3) states that the rate of change of mass in 
the i element equals the net mass flow from the N 
surrounding or connecting elements.
th
For the present study, the change of mass in the i
element over a time interval Ax was approximated by the
th
average of the mass flow into the i element at time x 






a ,rtT+AX T. _ 1 W  frJ nT
X T  (pj pi> - - 2 p G ji (pj pi
1
Sn  ,„x+Ax x+AtJGji <pj - pi >J
Equation (3-4) is written for each element resulting in a 
system of equations that describes the network. These 
equations are implicit in the unknown concentrations, 
p^T+Ax and are solved by an iteration technique. Since
the method is implicit, there is no upper bound on the 
time step as is the case with an explicit formulation.
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The unit of symmetry and the basic repeating unit 
for the present case is shown in Figure 5. The 
subdivision of the basic repeating unit for this study, 
Figure 5cf is shown in Figure 6. The fiber diameter was 
varied by adding rings of elements which resulted in a 
range in the fiber volume fraction, from 0.1963 to
0.6326. The total number of nodes and resistors used to 
model the flow in composites of different fiber volume 
fractions are shown in Table 1.
After a physical system has been approximated either 
by finite differences or finite elements, the question 
arises as to how well the discretization approximates the 
real system. The discretization for the present problem 
was checked by comparing the numerical results with an 
exact solution. The exact solution to the transient, 
one-dimensional diffusion through a homogeneous 
finite-thickness infinite plate with constant properties 
found in Carslaw and Jaeger [26] was used. The boundary 
condition and initial values were
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Unit of symmetry
(a) Section of finite-thickness, infinite plate
(b) Unit of symmetry
s/2
s/2
(c) Basic repeating unit
Figure 5- Basic element units used to model finite-thickness, 
infinite plate.
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Figure 6- Arrangement of elements in the basic repeating unit of the two-dimensional 
model of the finite-thickness, infinite plate.
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In the discretization, the boundary conditions were 
assigned to surface nodes with no capacitances. As 
suggested by Dusinberre [23] this approach gave the best 
approximation.
The numerical solution to the diffusion through the 
homogeneous infinite plate was obtained using the same 
basic repeating unit used for the fiber reinforced plate, 
Figure 6. The fiber area of the basic unit, Figure 6, 
was further subdivided with thirteen elements for this 
case only. This resulted in a unit of symmetry, Figure 
5b, of zero fiber volume fraction with a total of 204 
elements. Comparisons of concentration gradients from 
the exact solution and numerical solution at different 
times are shown in Figures 7 and 8. The numerical 
results in Figure 8 show gradients along a line that 
would lie between rows of fibers. The numerical results 
in Figure 7 show gradients along a line that would lie 
along the centerline of a row of fibers. The results 
from both cases agree well with each other and with the 
exact solution with a maximum error of about 7 percent.
The discretization used for the case with zero fiber 
volume fraction was used for the cases with a non-zero 
fiber fraction. Figures 9 and 10 show comparison between 
concentration profiles for fiber volume fractions of 
0.1963 and 0.6362 and the exact solution (the case with 
zero fiber fraction). The concentrations are along the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1 .0






Figure 7- Comparison of concentration profiles from the exact and 
numerical solutions along a line of symmetry through 
fiber centers. Fibers and matrix have same properties.
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x2/L
Figure 8- Comparison of concentration profiles from the exact and 
numerical solutions along a line between rows of fibers. 
Fibers and matrix have the same properties.
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Figure 9- Comparison of concentration profiles in materials with Vf=0 
and Vf»0.1963.
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Figure 10- Comparison of concentration profiles in materials with V^= 0. 
and with Vf= 0.6362. t
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line between fibers. As expected, the profiles for 
different are different and the differences become 
greater for longer times and for larger fiber fractions.
The resistance to diffusion caused by the fibers is 
indicated by the results. In the outer elements of the 
plate, the concentration in the fiber reinforced plate is 
greater than that in the no fiber case. This is because 
the fibers funnel the mass between rows of fibers, 
restricting the flow and resulting in an higher 
concentration near the surface and the first fiber. In the 
center of the plate, the concentration in the fiber-rein­
forced plate is less than that in the no fiber case at 
corresponding time because of the restriction to diffusion 
presented by the fiber.
Determination of Effective Diffusion Coefficient
The MITAS computer code and the model for diffusion 
through a fiber reinforced material, (two-dimensional 
diffusion, Figure 6) were used in determining an 
effective diffusion coefficient for use in one-dimensional 
transient analyses to predict moisture content in a flat 
plate. The effective diffusivity was defined when the same 
moisture contents were obtained in both one- and 
two-dimensional analyses. For convenience, the approximate 
one-dimensional analysis developed by Shen and Springer 
[10] will be used. This analysis gives the following 
equation for the moisture content
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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exp -7.3 + M.l
(3-6)
This equation is an approximation to the integral, over 
the plate thickness, of the exact solution to the 
concentration profile through an infinite plate with the 
concentration on both surfaces equal and specified 
constant.
For this study, a three-ply composite of total 
thickness 0.0533 cm has been used, Figure 4. The 
diffusion coefficient of the matrix will be assumed to be 
12.9 x lo”^cm^/hr and the equilbrium moisture content of
the matrix is assumed to be 6.1% by weight of matrix.
Both the diffusivity and the equilibrium moisture content 
are typical values for the resin matrix composite 
currently under study. The equilibrium moisture content 
based on the weight of the matrix must be based on the 
total composite weight for use in equation (3-6). The 
equilibrium moisture content based on the total composite 
weight and the fiber volume fraction is given by:
where Pf is the fiber density, is the matrix density, 
Vf is the fiber volume fraction and Vm is the matrix 
volume fraction. For this study, the fiber was assumed
M
M (based on matrix weight) 
GC1 _____ (3-7)
eq
(1 + (PfVf/p V ) )fvf'Hmvm
to be graphite, pf=l.63g/cm3, and the matrix was assumed
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to be epoxy, p = 1.19g/cm^. 
m
For the two-dimensional solution (using the MITAS 
computer code), the boundary condition was specified by 
assuming the surface of the matrix was instantaneously at 
the equilibrium moisture content, Me, and held constant. 
The initial moisture content was assumed zero. The 
moisture content was calculated by summing the product of 
the capacitance and the concentration for each element 
and dividing this sum by the total dry weight.
Figure 11 shows comparisons between moisture content
histories predicted by the one- and two-dimensional
analysis for various fiber volume fractions. For all
-7
cases, a matrix diffusion coefficient of 12.9 x 10 
2
cm /hr was used in the two- dimensional analysis. When 
this value was used in the one-dimensional analysis, 
equation (3-6), the moisture content history for the 
two-dimensional case was over predicted. This overpre­
diction becomes greater as the fiber volume fraction gets 
larger (compare Figure 11a with Figure lie). By 
reducing the diffusion coefficient (i.e. defining an 
effective coefficient), the predictions with the 
one-dimensional analysis can be brought into good 
agreement with the results from the two-dimensional 
analysis. The values of the reduced diffusivity and the 
resulting comparisons with the two dimensional results 
are also shown in Figure 11. The mismatch between the
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Figure 11- Comparison of moisture content calculated by two-dimensional analysis and
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Figure 11- Concluded.
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Figure 12- Comparisons of the variation of the effective diffusion coefficient with fiber 
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one- and two-dimensional results at short times are 
believed to be a result of the approximation in the 
one-dimensional equation, equation (3-6). This equation 
underpredicts the exact solution for short times. (See 
Shen and Springer [10].
In Figure 12, the ratio of the effective diffusivity 
determined from Figure 11 to the matrix diffusivity is 
compared with the results from the three other models 
previously discussed. The results from the present model 
are much higher than the results from either of the other 
models but in better agreement with recent unpublished 
data [27] than the other models. The results from the 
present model were obtained by adjusting the diffusion 
coefficient for the one-dimensional analysis until the 
moisture content was the same as in the detailed 
two-dimensional analysis. No effort was made to match 
the fluxes. If, however, the flux out of the basic 
repeating two-dimensional unit is set equal to the flux 
through a homogeneous one-dimensional rectangle unit, a 
scaling factor based on area constriction can be 
obtained. The flux out of two-dimensional repeating 





2 (* - Ax
Ac
(3-8)




















Fiber Volume Fraction, Vf



















Fiber Volume Fraction, Vf
Figure 15- Comparison of the scaled effective diffusion coefficient from a detailed 
two-dimensional analysis with several different analyses.
•£>oo
Let the one-dimensional repeating element be a rectangle 
of height h» the average height above the fiber in the
two-dimensional element. Thus, from Figure 13
Therefore, the flux through the rectangular element is
“A-'i If (3-10)
Equating the two fluxes, gives 
' (>
Equation (3-11) is plotted as a function of the fiber
fraction Vf in Figure 14. Figure 15 shows the result of
applying the flux scaling factor, 3 , to the results from
the present model shown in Figure 12. The scaled results
are in good agreement with Augl and Berger [13] up to a
V =0.2. Between a V =0.2 and 0.65, the results from 
f f
the present model are higher than Augl and Berger and 
much higher than the results of Springer and Tsai. For 
high values of Vf, that is Vf greater than 0.7, the 
present model is in good agreement with that of Springer 
and Tsai [12]. Therefore, except for the high values of 
Vf, the present model is in better agreement with Augl
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and Berger than with Springer and Tsai.
Several observations can be made from this study. The 
effective diffusivity relationship obtained using a 
detailed two dimensional analysis of diffusion in a non- 
homogeneous material agrees better with experimental data 
than similar relationships previously reported. Before the 
effective diffusivity from the present study can be used in 
a homogeneous analysis to predict moisture content, it may 
need further reduction. This reduction accounts for the 
area restriction to diffusion caused by fibers that is not 
in the analysis for a homogeneous material. Therefore, 
there may be two effective diffusivities: one is the
diffusivity of the composite and the other is a 
homogeneous effective diffusivity to be used in a 
homogeneous analysis.
Except for the case of large fiber fraction, less 
than 0.65, the homogeneous effective diffusivity is best 
defined by more complex models that try to account for the 
diffusion around the fiber and the fiber-matrix interface 
as opposed to simple models. When the results from the 
present model for a nonhomogeneous material are finally 
reduced by an area constriction factor, they are in 
reasonable agreement with the results from Augl and Berger. 
At values of Vf greater than 0.7, the results from the 
present model agree better with the simple model
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by Springer and Tsai [12] than the finite-difference 
model by Augl and Berger [13]. This may be because of 
the way the finite-difference model treats the 
fiber-matrix interface. Since the interface may lie 
between nodes in the finite-difference model, the fiber 
appears smaller than it should, resulting in a low 
resistance to mass flow.
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CHAPTER IV
INFLUENCE OF SURFACE AND ENVIRONMENTAL PARAMETERS 
ON MOISTURE ABSORPTION
The fundamental equations that govern the diffusion
of moisture within the composite material were presented 
in Chapter II. The boundary conditions that are 
important to the moisture absorption and subsequent 
diffusion are examined in this chapter. The important 
parameters that govern moisture absorption and desorption 
appear to be time, temperature and relative humidity [9]. 
Although temperature is important in determining the 
kinetics of absorption and desorption, the relative 
humidity determines the equilibrium moisture content of 
the material. Thus, it is desirable to define and 
understand the extent to which environmental and material 
parameters affect the relative humidity of the air in the 
boundary layer next to an exposed panel of material as 
well as the temperature of the material.
Analytical studies [9, 10] generally assume that the 
relative humidity of the air at the surface and the 
temperature of the surface are the same as the ambient 
air. This is a reasonable assumption for a shaded panel.
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However, if the surface is exposed to convection and solar 
radiation, the temperature and relative humidity at the 
surface may be very different from that of the ambient 
environment. Figure 16 shows calculated moisture contents 
for a shaded and an unshaded panel. The analysis used for 
these calculations will be discussed in a subsequent 
section. The unshaded panel, subjected to convection and 
solar radiation, absorbed about 30% less moisture than the 
shaded panel. These results, similar to those presented by 
Unnam and Tenney [11], show how important it is to have the 
correct boundary condition.
In an attempt to determine how different the 
relative humidity, next to the surface, and the panel 
temperature are from the ambient environment, a panel of 
graphite/epoxy (HTS graphite and 934 epoxy) was monitored 
during a short time exposure test (55.5 hours). The 
panel was 0.317 cm thick, 61 cm square and instrumented 
with chromel-alumel thermocouples and a thin film 
capacitor type humidity probe. Since the thermocouples 
were imbedded in the panel, the measured values were 
assumed to represent the front surface temperature. The 
front surface temperature was actually somewhat higher 
than the back surface temperature, however, this 
difference was neglected in these tests. A sketch of the 
panel is shown in Figure 17. The panel was attached to

























Figure 16- Effect of convection and solar radiation on the moisture
content of a 12-ply panel of T300/5208 graphite epoxy exposed 
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Details of Humidity Probe Installation






















Figure 18- Temperature of composite panel during outside exposure at B1205, NASA LRC 
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19- Relative humidity at surface of composite panel during outside exposure at B1205 
NASA LRC from 4:30 pm April 1, 1977 to midnight April 3, 1977.
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an enclosed box filled with a low density elastomeric 
foam insulation and set outside of Building 1205 of the 
NASA Langley Research Center, Hampton, VA.
Test data for the time period from 4:30 pm on April
1 to midnight on April 3, 1977 are shown in Figures 18
and 19. During this period, as shown in Figure 18, the
o
panel nighttime temperature was as much as 3 K below the 
ambient because of radiation to space. The panel 
temperature reached a maximum of about 33 K above the 
ambient air during the day.
A comparison of the relative humidity of the air at 
the panel with that of the ambient air is shown in Figure 
19. The humidity sensing element of the probe was about 
one centimeter above the panel surface, Figure 17. 
Therefore, two curves are shown for the relative humidity 
of the air next to the panel surface. One curve is based 
on the measurements taken by the probe and the other is 
based on a relative humidity calculated from the panel
l
temperature. The panel temperature was used as the dry 
bulb temperature in the approximate equation for relative 
humidity given in Appendix C. The data show the humidity 
of the air at the panel to be about 25% higher at night 
and as much as 80% lower during the day than the ambient 
air. These data dramatically show that the conditions of 
an exposed panel can be very different from the ambient 
air. Also, these data indicate that there is a boundary
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layer above the panel surface in which the condition of 
the air is different from the ambient air. Thus, the 
moisture content of a panel exposed to convection and 
solar radiation may be very different from a shaded 
panel.
It should be obvious that both environmental and 
material properties will affect the panel surface 
temperature when it is exposed to the environment. 
Therefore, two parameteric studies of the effects of 
environmental and material properties on the moisture 
content of a panel were made. In the first study, the 
environmental parameters (ambient air temperaure and 
relative humidity, wind velocity and solar radiation) 
were assumed constant. Although this is not a real 
situation, a clear indication of the effects of each 
parameter can be obtained. In the second study, National 
Weather Bureau data tapes were used to define a realistic 
environment. The effects of the panel surface 
properties, geographical location and panel exposure were 
examined.
Influence of Parameters Assuming a Constant Environment
For this study, only the air immediately adjacent 
the panel will be considered and the temperature of this
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
air and the panel are assumed the same. Boundary layer 
effects are not germane to this analysis because no 
cyclic effects are considered. Under these conditions, 
the important material and environmental parameters are: 
1) solar absorptance, 2) emittance, 3) convective heat 
transfer coefficient, 4) solar radiation, 5) the ambient 
air temperature and 6) the orientation of the panel with 
respect to the sun.
For convenience, consider a large, thin panel of
resin-matrix composite, insulated on one side (perfect 
thermal insulation, impermeable to moisture) and exposed 
on the other side to a moist air environment with 
convection and solar radiation. The environment was 
assumed to be constant with respect to time. Calculation 
showed that, under these conditions, a typical 
graphite-epoxy panel, 18 mm thick (12 plies), reached a 
uniform temperature in less than one-half hour. 
Therefore, the panel was assumed to be at a uniform 
temperature. The panel moisture content depended on the 
relative humidity of a boundary layer of air at the panel 
surface and the panel temperature. The panel 
temperature, T, was determined from the surface energy 
balance
h (T - T&) + ae (T4 - T4) = a ( q cos ip + qdiff ) (4“1)
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where, the effective sky temperature, Tg, equals 0.0552 
1 5T * from Duffie and Beckman [28]. The diffuse skya
radiation (also called the brightness of the sky) , r
was assumed to be 10% of the direct solar radiation 
incident on the panel, [29]. Radiation from the ground or 
surroundings was not included in equation (4-1).
The temperature of the air next to the panel surface was 
assumed to be the same as the temperature of the panel and 
different from the ambient temperature.
The relative humidity of the air was determined with 
the relationship
<j> = pv (4-2)
where the dry air, water vapor and mixture were assumed to 
behave as perfect gases. The absolute humidity was assumed 
to be constant. Properties for the saturated water vapor 
are tabulated by Keenan and Keyes [30].
The total moisture content of a composite at any time, 
T, due to one-dimensional diffusion was approximated by 
equation (3-6) and may be written as
M = G (M - M.) + M. (4-3)eq l l
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where
Meq = a cf>b (4-4)
0.75
G = 1 - exp -7.3 (4-5)
D = D exp (-F/RT) o (4-6)
The equilibrium moisture content, M0_/ for some material
has been found to be a linear function of relative 
humidity [9]. In this analysis, b in equation (4-4) was 
assumed to be one.
To provide a measure of changes in moisture content 
with changes in the parameters of the energy balance (eq 
(4-1)), a moisture content ratio was defined. This 
ratio, M/Ma, is the ratio of the predicted moisture 
content based on panel surface conditions to the 
predicted moisture content based on ambient conditions. 
Both long time (steady state) and short time exposures 
were considered.
For long time or steady state exposure, G = 1 and 
the moisture ratio reduces to
M/Ma = 4>/*a (4-7)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
63
Even though diffusion of moisture into composites is 
a very slow process, the short time results should be 
important [5, 31]. Short time results determine the 
condition of the surface layers of the material and the 
surface layers strongly affect the flexural properties of 
the material [31]. For convenience and to correlate with 
data, total moisture content was chosen to represent the 
state of the material at short time. A. detailed descrip­
tion of the moisture gradients at the surface requires a 
more complex analysis than used here. The moisture 
gradients were discussed in Chapter II. A simplified 
expression for the moisture content ratio for short time 
exposure was obtained by rewriting equation (4-5) as
G = 1 - exp (-x) (4-8)
For x - 0.1, exp (-x) ~  (1-x) and G = x. Then by
assuming I“L = 0, the moisture ratio reduces to
,, x n 0.75
M = — /— t = $ 






With E = 7525 cal/mole (for T300/5208 graphite epoxy 
composite, [8] and a panel thickness of 18 mm (12 plies), 
the requirement for x - corresponds to 
nominal times of 110 and 40 hours or less when the panel 
temperatures are 300 and 320 K, respectively. The 
numerator and denominator in equation (4-9) are for the 
same material, panel geometry and exposure time. Note
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that equation (4-9) includes the temperature dependence 
of the diffusion coefficient which is absent from the 
steady state relationship, equation (4-7). The initial 
moisture content, M.j_f was set to zero in all cases to 
show more clearly the effects of changes in the 
parameters on the moisture ratio.
The value of the moisture ratio may be greater or 
less than one depending upon the relative values of T,
Ta, and 4>a» However, the ratio cannot exceed one for the 
special case where <f>a = 100%.
Moisture Ratio Variations - Variations in the
moisture ratio, M/M r over a wide range of solar
cl
absorptance, a, surface emittance, e , convection heat
transfer coefficient, h r ambient temperature, T , and
c a
surface orientation, ip ,  are shown in Figures 20 to 24.
The reference value chosen for each parameter was a =
0.9, e = 0.9, hc = 11.4 W/m2-K, T& = 294K and ip = 0.
Results for both short time exposure, equation (4-9),
and long time (steady state) exposure, equation (4-7),
are given. Short and long time results are shown in
Figures 2 0 to 24 by dashed and solid lines, respectively.
Three values for the solar radiation, 314, 628, and 942
2
W/m f were used. These values are typical of the range 
of solar radiation at Langley Air Force Base, Hampton, VA 
during 1962 as determined from National Weather Bureau 
data tapes and algorithms by Henningers [32].
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Figure 20 shows the effects of absorptance, a, on 
M/M . High values of a, solar absorption, result in more
ci
heat absorbed, high T, and low <j>. Thus, T and <f> of the 
air next to the panel diverge from the ambient condition at 
high values of a. The moisture ratio exceeds one for small 
values of a at low qs because the panel is cooled below 
ambient temperature. Values of a typical of flat-black, 
grey, and gloss white silicone paints and polished aluminum
are 0.89, 0.53, 0.26, and 0.1, respectively.
Figure 21 shows the effects of infrared emittance, 
e, on M/M • High values of e result in more heat
cl
reradiated from the panel, low T and high <J>. Thus, T and 
e of the air next to the panel approach the ambient 
condition at high values of e. Values of e typical of 
flat black, grey and gloss-white silicone paints and 
polished aluminum are 0.81, 0.96, 0.75, and 0,05, respec­
tively [33],
Figure 22 shows the effects of the convective heat 
transfer coefficient, hc, on M/Ma, High values of hc
result in cooling the panel, low T and high <p. Thus, T and
<p approach the ambient conditions at high values of
h . Heat transfer coefficients of 11,4 and 34 W/m^-K c
correspond to wind velocities of about 5 and 27 km/hr, 
respectively [28].
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Figure 20- Effect of solar absorptance on the moisture content ratio 
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Figure 21- Effect of surface emittance on the moisture content ratio, 
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Figure 23 shows the effects of ambient temperature,
T , on M/M . At high values of T the temperature 
a a a
difference between the ambient air and the air at the
surface is small, <j> approaches <j> and M/M approaches one.
a a
Figure 24 shows the effects of the orientation of the 
panel on M/Ma. At high values of the angle, if;, between the 
normal to the panel and the sun, the amount of radiation 
incident on the panel is small. Thus, T is low, is high
and both T and <p are close to the ambient values. For \p
close to tt/2 radians, qs is close to zero, reradiation 
cools the panel below the ambient temperature, and M/Ma has
values greater than one.
In all cases, the moisture ratio varies significantly 
over the range of values used for the parameters. The
moisture ratio can be greatly different from one. The
deviations from unity are less for short time than for 
steady state exposure because for short time exposure, the
temperature dependent diffusion coefficient appears 
explicitly in the expression for M/Ma and a high surface 
temperature results in a large D which compensates for a 
low cj) at the surface.
Collectively, the results show that moisture content 
based on ambient conditions can be in error by more than 
+30% over the range of conditions examined. The moisture
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Figure 23- Effect of ambitnt temperature on the moisture content ratio, 
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Figure 24- Effect of panel orientation on the moisture content ratio, 
(a = 0.9, e = 0.9, hc = 11.4W/m2-K, and Ta = 294K)
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ratio has the same trends with respect to each parameter 
for both short time exposure and steady state, but 
obviously the moisture ratio was more sensitive to all 
parameters considered for the steady state condition.
Moisture Ratio Sensitivity to Energy Balance Parameters 
- Fabrication processes and exposure to service 
environments may result in values for parameters in the 
energy balance, equation (4-1), different from expected 
values. The sensitivity of M/Ma to the values of these 
parameters is shown in Table 2. The sensitivity of M/Ma 
to the parameters depends on the exposure time and the 
magnitude of the solar radiation. The moisture ratio is 
more sensitive to the parameters during long-time 
exposure than for short-time exposure. For both 
exposures, M/Ma is more sensitive to a practical range of 
values for aand hc than to a practical range of values 
for the other parameters. At steady state, the 
moisture-content ratio M/M can be as much as 24 percent
cl
less for a = 0.8 than for a = 0.7 and 25 percent more for
a = 0.8 than for a = 0.9. At steady state, M/M can be
a
as much as 44 percent less for a =0.26 than for a =
0.16 and 28 percent larger for a =0,26 than for a =
0.36. Therefore, a high value of a would result in low 
moisture content and the sensitivity of M/Ma to values of ct 
would be less.
The value of the heat transfer coefficient, he, had

















Change in M/Ma , percent
Short-time exposure 
at q, W/ra2, of -
Long-time (steady-state) 
exposure at q, W/m2 , of -
314 628 942 314 628 942
a 0.8 ± 0.1 ±5 -9 to 10 -10 to 13 -12 to 10 -18 to 21 -24 to 25
a 0.26 ± 0.1 -6 to 10 -11 to 13 -14 to 18 -12 to 14 -21 to 29 -28 to 44
e 0.8 ± 0.1 ±3 4 to -5 ±6 6 to -7 10 to -7 12 to -10
h 11. *1 W/m2-K ± 50% 9 to -15 19 to -25 24 to -29 21 to -30 ±47 64 to -53
Ta 294 K ± 2% 1 to -2 3 to -4 6 to -7 2 to -3 7 to -8 13 to -10
tt/4 ± ir/8 7 to -6 11 to -9 16 to -12 15 to -12 28 to -19 38 to -22
-ju>
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the largest effect on M/M of all the parameters
a
considered. At steady state, M/Ma f°r a = 11.4 W/m -^jr
could be as much as 64% less than M/M for h = 17.1 W /hi2- k
a c
and 53% greater than M/M for h =5.7 W/m^-K, hence wind
a c
or air speed will significantly affect the moisture 
content.
Influence of Material Parameters Using Weather Data
The analysis and computer program developed by Unnam 
and Tenney [11] will be used, with modifications, to 
predict moisture content histories using weather data. The 
analysis assumes the composite material is well made, the 
panel to be analyzed is large, and the primary transport 
mechanism is surface absorption and diffusion through the 
matrix. Diffusion in the direction normal to the surface 
and the fiber direction is described by the classical 
one-dimensional transient diffusion equation with constant 




The effective diffusion coefficient, Deff, was a 
function of the panel temperature which varied with time 
but is constant through the panel thickness. The initial 
and boundary conditions are:
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c = 0 for 0 <x £L,t = 0 (4-lla)
c = cs, for x = 0, t > 
s- = 0 for x = L, t >0
0 (4-llb)
(4-llc)
Equations (4-10) and (4-llc) are approximated, by finite-difference 
expressions (i.e. second order central differences) and 
solved with a numerical explicit scheme with the initial 
and boundary conditions equations (4-lla) and (4-llb).
For the T300/5203 graphite epoxy composite material, 
which will be used for this study, McKague et al [93# 
reported Cs = 0.01416 and the effective diffusion 
coefficient for absorption to be
with T in degrees Kelvin. The same diffusion coefficient 
will be used for absorption and desorption, although it 
should be noted that this may not always be true.
The panel temperature and the relative humidity of 
the air next to the panel were obtained from weather data 
tapes and algorithms to calculate direct and diffuse 
solar radiation from "clearness" data as reported by 
Henninger [32]. The weather data used included dry-bulb 
temperatures, wet-bulb temperatures, dew points, relative 
humidities, wind velocities and type and amount of cloud 
cover (clearness). Hourly weather data for the Langley
„ (36000  ^,
1.415 x 107 eV pt~' L (4-12)
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Air Force Base for the year 1962 were used for all cases 
except where noted. It should be noted that Unnam and 
Tenney [11] found monthly average data were sufficient to 
define the moisture absorption of a shaded panel.
The panel temperature was determined by the energy 
balance given in equation (4-1). This energy balance 
included a reradiation term which did not appear in the 
energy balance used by Unnam and Tenney [11] in their 
study. This reradiation allowed the panel temperature to 
be lower than ambient. The direct and diffuse solar 
radiation incident on a flat surface was calculated using 
algorithms given by Henninger [32] as functions of 
geographical location and time of day and year. The 
algorithms are discussed in detail by Henninger [32] and 
Threlkeld [34] and, therefore, will not be presented 
here. The, essential features of these algorithms are 
given by Unnam and Tenney [11] and are repeated here for 
completeness.
The solar radiation calculation requires the 
latitude and longitude of the geographical location, the 
clearness number for the local atmosphere (tabulated by 
Henninger [32]) and the orientation of the panel with 
respect to the Sun. For this study, the panel is assumed 
always to be horizontal and its orientation with respect 
to the Sun is easy to define (see Figure 2 5). However, 
for the general case, that is if the panel is not
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horizontal, considerably more information is required 
[32].
For each day of the year, the time of sunrise and 
sunset, apparent solar constant, atmospheric extinction 
coefficient and the sky diffuse factor were computed. 
These were used to calculate the direct and diffuse solar 
radiation, on an hourly basis, assuming the atmosphere to 
be clear. Cloud cover was accounted for by multiplying 
the total radiation intensity by a cloud cover modifier 
which varied between 0.3 and 1.0 [32]. The cloud cover 
modifier was calculated on an hourly basis as a function 
of Sun angle, cloud type and amount of cloud cover. The 
cloud type and amount of cloud cover were obtained from 
the weather data tape.
The moisture content history of a horizontal panel 
exposed to natural environment was, therefore, calculated 
in the following steps:
1. Solar radiation to a horizontal panel was calculated 
using weather data and algorithms.
2. The panel temperature was determined for each hour 
from the surface energy balance, equation (4-1) , and. used 
as input data for the diffusion calculations.
3. The relative humidity of the air next to the panel
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was calculated with an empirical expression, Appendix C, 
using the panel temperature as the dry bulb temperature and 
the dew point for the ambient air temperature. This is 
used to define the boundary condition for the diffusion 
calculation.
4. The effective diffusion coefficient corresponding to 
the panel temperature was calculated with equation (4-12).
5. The moisture concentration through the panel was 
calculated with the diffusion equation (4-10) with the 
boundary condition (4-llb) specified by the relative 
humidity.
6. The moisture concentration profile was integrated 
through the panel thickness to obtain the moisture content.
7. A step in time was made and steps one through six 
repeated.
This calculation procedure was used to calculate the 
moisture content histories shown in Figure 16 and will be 
used in the subsequent calculations.
Figure 26 shows the calculated moisture content 
histories for three values of absorptance. At high
























Figure 26- Effect of solar absorptance on moisture content of a 12-ply T300/5208 graphite epoxy 




values of a, solar radiation is absorbed, the temperature 
of the panel is high and the relative humidity of the air
in the boundary layer is low. Therefore, the moisture
content is low compared to the moisture content for a low 
absorptance. The moisture content at high values of a are 
more sensitive to the seasonal changes in the weather at 
low value of a . This is because at low values of a , the 
panel temperature does not readily respond to the seasonal 
changes in the Sun and its orientation with respect to the 
panel. For an absorptance of 0.5, the equilibrium moisture 
content is about 20% greater than for an absorptance of 0.9 
and about 26% less than for an absorptance of zero.
Figure 27 shows the moisture content history for two
values of emittance. At high values of emittance, more
heat is reradiated from the panel, the temperature is low 
and the relative humidity of the air in the boundary 
layer next to the panel is high. Therefore, the moisture 
content is higher for a material with a high value of e 
than for a low value of e . The moisture content is not 
very sensitive to different values of the emittance.
Also, the sensitivity of the moisture content to seasonal 
changes in the weather is the same over the range of 
emittance values considered.

























Figure 27- Effect of emittance on moisture content of a 12-ply T300/5208 graphite epoxy panel 
using hourly weather data for Langley Air Force Base.
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Figure 28 shows the moisture content history for 
three values of the convective heat transfer coefficient, 
hc> High values of hc result in cooling the panel, 
thus low temperature and high relative humidity air next 
to the panel. Moisture content at high values of hc is 
less sensitive to seasonal changes than at low values of 
h . The sensitivity is less at high values because theG
panel temperature does not get as high with cooling as 
without and, therefore, does not respond as easily to 
changes as the solar radiation. The equilibrium moisture 
content at hc re  ^is about 15% lower than for hc= 2 
hc re£ and about 50% higher than for a shielded panel,
i.e. hc = 0.
The reference convective heat transfer coefficient 
used in this study is for flow over a flat plate 35
h = 3.8 v + 5.7 W/m2-K (4-13)
where v is velocity in m/hr. It should be noted that 
the heat transfer coefficient not only depends on the 
wind velocity but also on the surface roughness.
Henninger 32 tabulates hc for surfaces of various 
roughness.
Effect of Geographical Location- National Weather 
Bureau weather data tapes were obtained for six locations 
around the world (Cape Kennedy, Edwards AFB, Los Angles, 
Guam, Chicago, and Hampton, Va) to assess the importance

























28- Effect of convective heat transfer coefficient on moisture content of a 12-ply
T3OO/5208 graphite epoxy panel using hourly weather data for Langley Air Force Base.
oo
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of geographical location on moisture content. An 
unshaded panel was assumed to be continuously exposed, in 
a horizontal position, at each of these locations for a 
five year period. The calculated moisture histories for 
Cape Kennedy, Los Angeles and Edwards AFB are shown in 
Figure 29. The moisture content histories for Hampton, 
Guam and Chicago fell between those of Cape Kennedy and 
Los Angeles. The calculations show that the equilibrium 
moisture content is relatively insensitive to geographical 
locations where the weather is similar, i.e., in humid 
areas. However, the equilibrium moisture content is much 
lower for Edwards AFB, a desert area, than for the humid 
areas. Also, the moisture content in the desert areas is 
more sensitive to seasonal changes than is the moisture 
content in the humid areas. All of these results are 
similar to those for the case where convection and solar 
radiation were not considered [ll].
Panel Exposure - In many applications, for example 
aircraft fuselage, the composite panel would be exposed 
only on one side to convection and solar radiation. 
However, a wing or stabilizer panel may be exposed to 
convection and radiation on two sides. When two sides 
are exposed, reradiation and convection may take place on 
the two opposing sides with solar radiation to only one 
side. When only one side is exposed, reradiation, 
convection and solar radiation are restricted to the same
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Figure 29- Influence of geographical location on moisture content history









Figure 30- Effect of the number of heat transfer surfaces on the moisture
content of a 12-ply T300/5208 panel using weather data from LAFB,
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side. Figure 30 shows the effects of the number of heat 
transfer surfaces on the moisture content. The 
equilibrium moisture content for a panel with two surfaces 
exposed is about 20% higher than for the panel with only 
one surface exposed. The higher moisture content results 
from a low panel temperature due to cooling and a high 
relative humidity in the boundary layer.
The influence of surface thermal properties and 
environmental parameters on the moisture content of 
resin-matrix composites subjected to convection and solar 
radiation has been studied analytically. Constant 
boundary conditions, as well as, time dependent boundary 
conditions were used. Generally, when radiation and 
convection effects are included, moisture content is less 
than that of a shaded panel. The sensitivity of the 
moisture content to the surface parameters is less for 
short-time exposure than for long-time exposure because 
moisture content for short time exposure is a function of 
the temperature-dependent diffusivity. High values of 
solar absorptance and low values of surface emittance 
results in low moisture content. The equilibrium moisture 
content is relatively insensitive to the geographical 
locations for areas with similar humid environments.
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CHAPTER V
SUMMARY AND CONCLUSIONS
The diffusion of moisture through fiber-reinforced 
polymeric matrix composite materials has been studied 
analytically. The diffusion in the orthrotopic, 
nonhomogeneous composite material was modeled,in detail, 
with a two-dimensional transient diffusion analysis, 
treating the fibers as impervious rods. Two effective 
diffusivities are identified: one is the diffusivity of
the composite including fiber and matrix and the other is 
the diffusivity used in a homogeneous analysis to predict 
moisture content. Both diffusivities were determined in 
terms of fiber volume fraction and the resin diffusivity. 
The relationship for the effective diffusivity of the com­
posite is in better agreement with recent experimental data 
than two similar relationships previously reported. The 
effective diffusivity used in homogeneous analyses is 
obtained by scaling the composite effective diffusivity by 
an area constriction factor. This scaling accounts for the 
restriction to diffusion caused by the fibers that do not 
occur in the analysis for homogeneous materials.
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The influence of both material surface and 
environmental parameters on the moisture content of the 
composite material subjected to real environments 
consisting of convection and solar radiation was 
examined analytically. The parameters considered were 
solar absorptance, emittance, convective heat-transfer 
coefficient, ambient temperature, solar radiation, 
panel orientation with respect to the Sun and 
geographical location. Both constant and time 
dependent boundary conditions were used. Weather data 
tapes were used to specify the time dependent boundary 
conditions. The results of the study lead to the 
following conclusions:
1. Generally, when radiation and convection effects 
are included, moisture content is less than that of a 
shielded panel. However, if the panel is cooled, the 
moisture content could be greater than that of a 
shielded panel.
2. Moisture content varied significantly with 
variations in each of the parameters. The sensitivity 
of the moisture content to the parameters was greater 
with constant boundary conditions than with time 
dependent boundary conditions.
3. High values of solar absorptance and low values of 
surface emittance result in low moisture content.
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4. Moisture content is more sensitive to realistic 
variations in the heat-transfer coefficient than to the 
other parameter? considered.
5. The equilibrium moisture content is relatively 
insensitive to the geographical location for areas with 
similar humid environment.
6. The equilibrium moisture content of a panel with one 
surface heated by the Sun and two surfaces convectively and 
radiatively cooled was about 20% higher than a panel with 
only one surface cooled.
7. Annual cyclic variations rapidly approach nominally 
repeating curves. Initial transients are apparent for less 
than one half year.
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APPENDIX A - SYMBOLS
a constant in equation (2-1)
A area of element normal to mass flux vector,
2
m
2Ai,A2 areas associated with elements 1 and 2, m
b constant in equation (2-1)
c mass concentration
c. mass concentration of specie i
c initial mass concentration
o
c specific heat, cal/gm-X
P
c mass concentration at surfaces
capacitance of ifc^  element, m^
2
D diffusion coefficient, cm /hr
2
Deff effective diffusion coefficient, cm
D11*D22'D33 diffusion coefficient in directions 1,2,and
3, cm2/hr
2Dj_ binary diffusion coefficient, cm /hr
2
D0 preexponential, cm /hr
2
Dr resin diffusion coefficient, cm /hr
E activation energy for diffusion, cal/mole
G defined by equation (4-5)
Gi_. resistance between the ith and jth nodes, m3/hr
h half spacing between fibers, m
h convective heat transfer coefficient, N/m2-T<-hr
c
h, enthalpy of moisture, J/kg
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h2 enthalpy of solid, J/kg
hc,ref reference convective heat transfer coefficient
2
W/m -K-hr
h average element height, m
2
J]_ mass flux of moisture, kg/m -hr
k thermal conductivity, W/m-K
k. . thermal conductivity tensor, W/m-K
k thermal diffusion ratio
‘ • I J I
L thickness, m
m^ /in^  mass concentration of species 1 and 2
ih^  mass concentration flux of specie i, m'^ /hr
M moisture content, percent of total weight
Meq equilibrium moisture content, percent of
total weight
Mi initial moisture content, percent of total
weight
p pressure, pascal
ps saturated vapor pressure, pascal
pv vapor pressure, pascal
2
q rate of energy transfer, W/m
q rate of energy transfer by conduction, W/m2
c
q^ rate of enthalpy transfer by diffusion, W/m
q rate of heat transfer by diffuse solar
diff *£
radiation, W/m
q rate of energy transfer by diffusion, W/m2
2
qr rate of heat transfer by radition, W/m
qs solar radiation flux incident on panel normal





Ql,Q2 mass flux through elements 1 and 2, m /hr
r fiber radius, m
R universal gas constant, 1.986 cal/mole-K
s width of element, m
T temperature, K
T effective sky temperature, K
e
T dew point temperature, K
dp





Vf fiber volume fraction









P density of moisture, kg/m^
-8 2 4
a Stefan-Boltzmann constant, 5.67x10 -jr.
t time, hr
cj) relative humidity
iJj angle between normal to panel surface and
Sun, rad
mean molecular weight, kg/mole
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APPENDIX B
APPLICATION OF FICK'S LAW TO MOISTURE DIFFUSION IN
COMPOSITES
Fick's law, a phenomenological basic of diffusion, 
defines the flux of specie i through a binary mixture to 
be
■  - ° i  &  ( B - 1 )
This fits the empirical fact that the flux goes to zero as 
the material becomes homogeneous. There are many books 
which discuss, in detail, the application and limitations 
of Fick's law (for example, Shewman[36], Darken and 
Gurry [37] ). Therefore, the limitations are only 
summarized here for completeness. These limitations are:
1. Applies only to a binary mixture
2. Diffusion is a function of concentration gradients 
only
3. An adequate condition for equilibrium is a zero 
concentration gradient
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4. Material is homogeneous.
Darken and Gurry report the following two examples 
when Fick's law fails. If mild steel is immersed in 
dilute acid, the hydrogen content in the steel will 
increase. However, if this type of test were used to 
define diffusivity, the diffusivity would vary widely for 
similar steels. It was found that the prior history of 
cold work and heat treatment had a great deal to do with 
the variation of the apparent diffusivity. Therefore,
Fick's law fails. However, if some of the hydrogen is 
trapped in lattice imperfections and not included in the 
concentration that appears in Fick's law, part of the 
hydrogen then is semi-inert and Fick's law applies to the 
remainder. This is inobservable by direct means since it 
occurs on an atomic scale.
A more severe failure of Fick's law was found in the 
diffusion of solvents in high polymers. In this case, 
the diffusivity not only varied with concentration but it 
also varied with time, thus it was not a single volume 
function.
These two examples are cited because similar 
situations exist with the resin-matrix composite 
materials currently in use. For example, panels of the 
same resin and fiber systems consolidated under different 
temperatures and pressures, have different
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thermomechanical properties. It would be reasonable to 
assume that the diffusivity may also be different.
Some preliminary data show that the resin-matrix 
materials are adversely affected by ultraviolet radiation 
(sunlight). This degradation more than likely occurs in 
the matrix. Therefore, the diffusivity may also change, 
thus the diffusivity would be a function of time and not 
single valued.
A fundamental assumption about the material to be 
modeled by Fick's law is that it is homogeneous. Thus if 
cracks occur in the composite or if the interface between 
the fiber and matrix is analogeous to a grain boundary in 
a metal, then Fick's law will not hold. Under these 
conditions, pressure gradients, elastic stress gradient, 
as well as concentration gradients may control or greatly 
affect the diffusion process.
A more inclusive constitutive equation for mass flux 
through a capillary-porous body is [18]
3 - - V c - am STO - am V P <B-2>
where a is a mass transfer coefficient for the vapor m
inside the body, 6 is a thermal gradient coefficient, and 
6^ is a pressure gradient coefficient. The first term is the
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flux due to a concentration gradient (Fick's law). The 
second term is the flux caused by temperature gradients. The 
third term is the flux due to any pressure gradient inside 
the body. This latter flux would account for seepage through 
cracks or capillaries due to pressure gradients, i.e. a flux 
that obeys Darcy's law. A term similar to the last term 
could be added to account for the effects of internal stress 
gradients.
A constitutive equation like equation (B-2) 
could improve the model from a practical, as well as, a 
theoretical point of view. It is clear, however, that the 
problem quickly becomes a difficult one to solve.
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APPENDIX C - RELATIVE HUMIDITY CALCULATIONS
The relative humidity of moist air at
temperature, T, is
(C-l)
where pv is the vapor pressure of the water vapor and p is
w
the saturated vapor pressure at temperature, T. These 
pressures can be obtained from thermodynamics tables [(3]) 
but this may be awkward and interpolation may be needed. 
Bosen [38] has developed the following approximate 
relationship between relative humidity, dry bulb and dew 
point temperatures:
Bosen [38] reports this equation to.be within 1.2% of the 
correct value in the meteorological range of temperatures and 
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